Lanthanum exerts adverse effects on the central nervous system. However, the mechanism underlying these adverse effects has not been clarified. It is known that oxidative stress plays an important role in neurological injuries induced by harmful factors. Nuclear factor erythroid 2-related factor (Nrf2) is very important in the response to oxidative stress in tissues and cells. The purpose of this study was to explore the effect of lanthanum chloride (LaCl 3 ) on the spatial learning and memory of rats and to determine whether the Nrf2/antioxidant response element pathway acts in the hippocampus. Four groups of Wistar rats were exposed to 0 mM, 9 mM, 18 mM or 36 mM LaCl 3 through their drinking water from the day of birth to 2 months after weaning. The results showed that LaCl 3 impaired the spatial learning and memory of the rats, damaged the neuronal ultrastructure, increased reactive oxygen species levels and significantly down-regulated Nrf2 as well as the mRNA and protein expression of Nrf2-regulated genes, including NADP(H): dehydrogenase quinone 1, haeme oxygenase-1, superoxide dismutase 2, glutathione peroxidase 1, glutathione-S-transferase, c-glutamine cysteine synthase and glutathione reductase, in the hippocampus. This study suggests that LaCl 3 can impair the spatial learning and memory of rats, possibly by perturbing the Nrf2/antioxidant response element signalling pathway.
Rare-earth elements (REEs) are widely found in nature and are broadly used in agriculture, biomedicine, industry, aerospace, animal husbandry and other fields (Peter and Helmut 2006; Wang et al. 2007) . Lanthanum (La) is a representative of REEs because it is more reactive and is more abundant than any other REEs in the environment. Researchers have shown that REEs can enter the human body and even accumulate in various tissues via ingestion, inhalation and skin absorption. The content of La was 0.014 AE 0.007 lg/g in rat hippocampus when exposed to La by oral gavage of 2 mg/kg BW/day for 6 months (Feng et al. 2006a) . La can reach 0.029 AE 0.011 lg/g in the chick brain by daily injections with 2 mg/kg of La from E9 to E16 (Che et al. 2009 ). Subsequent studies have also demonstrated that higher doses of La (nearly 0.04 lg/g) could accumulate in the rat hippocampus after exposure to 0.5% LaCl 3 from pregnancy to weaning (Yang et al. 2013a; Zheng et al. 2013; Liu et al. 2014) . This implies, as mentioned above, that La can cross the blood-brain barrier (BBB) into the brain and stay in the central nervous system (CNS).
A small amount of REEs can cause hormesis; however, higher accumulation can cause damage to the liver, kidney, cardiovascular system, immune system and endocrine system. The nervous system in particular is more sensitive than other tissues and organs (Chen 2004; Xu 2004; Cao and Zhou 2007) . The period from birth to adolescence is very critical for nervous system development. Epidemiological survey data have indicated that the intelligence and cognition of children living in rare-earth mining area were obviously decreased when the total content of REEs reached 2.18 AE 1.08 ng/g in their bloodstream (Zhu et al. 1996; Peng et al. 2000; Fan et al. 2004) . Simultaneously, animal experiments have confirmed that REEs can lead to developmental defects of the central nervous system, impairments of neurobehaviour and learning memory and abnormal neuronal morphology and structure (Briner et al. 2000; Wayne et al. 2000; Feng et al. 2006a,b; He et al. 2008; Zheng et al. 2013) . These data indicate that REEs have obvious neurotoxicity. Other experiments have shown that La could impair learning ability in rats (Yang et al. 2009) , and that a high dose of LaCl 3 injected into chicks could destroy their longterm memory (Che et al. 2009 ). Moreover, rats in the Morris water maze have been shown to perform significantly worse than normal rats after by chronic exposure to LaCl 3 (He et al. 2008) . While the effect of La accumulation in the brain on the CNS has not been ignored, the exact mechanism underlying those effects was still not clear.
Previous data have shown that LaCl 3 could induce damage to primary cultured rat astrocytes in a concentrationdependent manner (Yang et al. 2013b) . Furthermore, LaCl 3 exposure could lead to excessive production of reactive oxygen species (ROS) in primary culture neurons of rats (Wu et al. 2013) . Having higher levels ROS is an important characteristic of oxidative stress in tissue cells. The nuclear factor erythroid 2-related factor (Nrf2)/antioxidant response element (ARE) signalling pathway is one of the most important defence system when responding to oxidative stress in tissues and cells (Yu and Thomas 2005) . Once exposed to ROS, Nrf2 dissociates from its cytoplasmic inhibitor, Kelch-like ECH-associated protein 1, and translocates to the nucleus. Nrf2 and small MAF proteins form heterodimers and then bind ARE sequences to activate the transcription of particular Nrf2-dependent genes (Rushmore et al. 1991; Nioi et al. 2003) , including phase a detoxification enzyme genes and antioxidant enzyme genes. For example haeme oxygenase 1 (HO-1), NADP(H): dehydrogenase quinone 1 (NQO1), c-glutamine cysteine synthase (c-GCS), GST, superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) could play important roles in protecting nerve cells from oxidative damage caused by chemical poisons (Maher and Yamamoto 2010) . Nrf2 could activate cellular rescue pathways against oxidative injury, inflammation or immunity and apoptosis (Suzuki and Yamamoto 2015) . Activation of the Nrf2/ARE signalling pathway could antagonize apoptosis and necrosis and enhance neuronal tolerance of glutamate toxicity induced by H 2 O 2 ; however, loss or inhibition of Nrf2 could increase the sensitivity to oxidative damage, cause an imbalance in calcium homeostasis and cause damage to mitochondria resulting from chemical poisons in nerve cells (Kensler et al. 2007) . Interestingly, there is evidence that the levels of Nrf2 and its downstream signalling molecules seem to be involved in learning and memory processes (Katja et al. 2009; Maryam et al. 2015) . Based on these findings, this study hypothesized that there may be a relationship between nervous system damage induced by La and the Nrf2/ARE pathway.
Materials and methods

Animals
Male and female Wistar rats (240 AE 10 g body weight) were purchased from the Center for Experiment Animals of China Medical University (license number: SCXK-2013-0001). All animals were housed in stainless steel cages (five rats per cage) under standard laboratory conditions at an environmental temperature of 23 AE 1°C with a 12/12 h light/dark cycle and humidity of 55 AE 5% and allowed standard chow diet and drinking water ad libitum. The rats were observed for several days before the formal experiment. The female rats were randomly divided into four groups (10 rats per group), then females and males were mated at 1 : 1. Occurrence of copulatory plug indicated mating successfully and the day of pregnancy. During the period of lactation (3 weeks), the maternal rats were exposed to LaCl 3 (99.9%; Sinopharm Chemical Reagent Co., Ltd, Shanghai, Beijing, China) in distilled drinking water under one of four doses: 0 mM (0%), 9 mM (0.125%), 18 mM (0.25%), or 36 mM (0.5%) respectively. Eight litters were reserved for each group and four pups were culled in each litter. The sample size (n = 32) was determined based on the preliminary experiment data. Pups were exposed to LaCl 3 by parental lactation for postnatal 3 weeks firstly. After weaning, they were permitted free access to food and drinking water (containing 0, 0.125%, 0.25% and 0.5% LaCl 3 respectively) for 2 months. The brains and hippocampus of the rats from the four groups were obtained to measure brain and hippocampus coefficients, pathological changes and ultrastructural features, lipid peroxidation levels and target mRNA and protein expression levels in the hippocampus. All experimenters were trained carefully and blind to the treatment of the animals in the whole process of experiments. All experiments and surgical procedures complied with the National Institute of Health Guide for the Care and Use of Laboratory Animals.
Determination of the sample size Our experimental sample size was based on the preliminary experiments. G*Power program was used to calculate the effect size and sample size of the experiment, which is a statistical power analysis program for the biomedical sciences (Faul et al. 2007 (Faul et al. , 2009 ). In the preliminary experiment of Morris water maze (eight animals per group, a = 0.05), latency (F = 3.394, p = 0.032 < 0.05) and travel distance (F = 3.397, p = 0.031 < 0.05) in the place navigation test showed the effect size (g Based on the above data (effect size = 0.8, a = 0.05, 1-b = 0.95), the sample size (n = 32) can completely meet the requirement of expected effect size in the present experiment.
Randomization and blind procedure First, the female rats were numbered from one to forty by weight (marking at heads, forelimbs, abdomen, hind limbs, tails of animals; yellow for units digit, red for tens digit). Second, 40 random numbers were selected from the table of random numbers, and were ordered from small to big. Finally, the sequence number (1-10, 11-20, 21-30, 31-40) were the A, B, C, D groups (A: control, B: 0.125% LaCl 3 group, C: 0.25% LaCl 3 group, D: 0.5% LaCl 3 group respectively). The pups' randomization was the same as previous operation. All above operation was carried out by a third party. The designers, operators and experimenters were totally independent and blind to other work in the whole experiment. Except designers, operators or experimenters did not know which was the control group or the experimental group.
Random sampling procedure
First, the total sample was numbered and the sample size was determined by power analysis with G*Power program. Second, the sample was sampled by the means of the table of random numbers. The random numbers were selected until achieving the sample size. Repeat or beyond limit random numbers were not selected. Random sampling procedure was also the same with the previous operation. All above operations were carried out by a third party. The designers, operators and experimenters were totally independent and blind to other work in the whole experiment. Except designers, operators or experimenters did not know which was the control group or the experimental group.
Morris water maze testing
The Morris water maze was used for learning and memory behavioural training and spatial exploration ability testing, following a previously described protocol (D'Hooge and De Deyn 2001) . The training and testing were performed in a circular pool (diameter: 150 cm; height: 60 cm), which was filled with water (20 AE 5°C) to a depth of 30 cm. The circular pool was divided into four quadrants and a hidden platform 15 cm in diameter was placed in the centre of the second quadrant under the water surface at 1-2 cm. The rats were placed facing the wall of each quadrant midpoint before entering the water, and each rat was trained four times per day for five consecutive days. The time it took the rats to find the hidden platform was recorded. After training, all rats were placed back into their cages and allowed to rest for 5 days.
The rats were then put into the water maze again for the place navigation test. The time it took to the rats to find the hidden platform (escape latency) and the total distance travelled (swimming path length) were evaluated. They were also tested in a spatial exploration experiment: after removing the platform after the place navigation test, each rat was allowed to swim for 60 s. The number of target quadrant crossings was recorded. Time spent in the target quadrant and track plots indicated the rats' memory ability. The entire test was performed at the same time every day wherever possible. Each rat's performance in each trial was recorded and analysed with ANY-maze video tracking software (Stoelting Co., IL, Wood Dale, USA).
Body weight, brain and hippocampus coefficient All rats' brain, hippocampus and cortices were isolated within 1 h after performing the Morris water maze test. The weight of body, whole brain and hippocampus were recorded at the same time. We then calculated the brain coefficient = whole brain weight/body weight 9 100%; and the hippocampus coefficient = hippocampus weight/body weight 9 100%.
Histopathological changes -HE staining
After the neurobehavioural test, rats in each group were anesthetized with 1% sodium pentobarbital and perfused with 150 mL physiological saline and 150 mL 4% (w/v) paraformaldehyde fixative solution. Then, the brain was isolated and placed into paraformaldehyde fixative solution for at least 7 days, subjective to gradient dehydration in 70%, 80%, 90% and 95% ethanol in distilled water for 12 h, and 100% ethanol for 40 min twice. They were cleared in xylene for approximately 30 min, then embedded in paraffin. The brain tissue was sectioned coronally into 5 lm pieces with a paraffin slicer (Thermo FINESSE E+/ME+, Massachusetts, USA). The brain tissue pieces were put into an oven (temperature: 58°C) for 24 h and then kept at 20°C for the remaining experiments. An optical microscope (Nikon 80i; Tokyo, Japan) was used to observe the nerve cells morphological changes to the nerve cells after Haematoxylin-Eosin staining.
Transmission electron microscopy Rats were mildly anaesthetized by intraperitoneal injection of 1% sodium pentobarbital. The hippocampus and cerebral cortex were isolated on ice as soon as possible, and 1 mm 3 tissue samples were selected, rinsed in 0.1 M phosphate-buffered saline (PBS) (pH = 7.2) and immersed in the fixative solution (2.5% glutaraldehyde) at 4°C for 24 h. They were washed three times with 0.1 M phosphate buffer (pH = 7.2), fixed with 1% osmic acid 2 h, washed three times with physiological saline, then subjected to gradient ethanol dehydration in distilled water (50% ethanol for 30 min, 70% ethanol for 30 min) and gradient acetone dehydration (80% acetone for 30 min, 90% acetone for 30 min, 100% acetone for 10 min three times). All samples were soaked in Epon 812 epoxy resin overnight, 35, 45 and 60°C, and subjected to constant temperature drying and polymerization in an oven for 24 h. After the samples were trimmed, they were sectioned into slices of 70 lm and stained with uranyl acetate and lead citrate. The ultrastructure of the hippocampus was observed with a transmission electron microscope (HITACHI H-7650; Tokyo, Japan).
Levels of ROS, MDA, GSH, catalase, SOD, GSH-Px in rat hippocampus
After the Morris water maze test, the rats were anaesthetized and the hippocampus and cerebral cortex were quickly removed. Samples of 50 mg were removed from the hippocampus of six rats per group and processed into 10% tissue homogenate in different buffers based on the different instructions for the remainder of the experiment [Malondialdehyde (MDA), catalase (CAT), GSH-PX were processed using the A003-1, A007-1, A005 assay kits of Nanjing Jiancheng (Nanjing, Jiangsu, China) respectively; SOD and total GSH were processed using the S01009 and S0052 assay kits of Beyotime (Shanghai, China) respectively]. ROS content was determined by flow cytometry with a kit (S0033; Beyotime) and a microplate reader (Perlong, Beijing, China) to determine the optical density value depending on different wavelengths. Formulas for calculation were used according to the manufacturers' instructions.
Extraction of total RNA and real-time quantitative PCR After being anaesthetized, each rat's hippocampus was stripped out and stored in a low temperature freezer (temperature = À80 AE 2°C) to maintain the physiological characteristics of the tissues and cells. Total RNA of the rat hippocampi was extracted using Trizol reagent (Ambion, Austin, TX, USA) according to the manufacturer's instructions. A total of 1 lg total RNA was used for reverse transcription to synthesize cDNAs, which were amplified in duplicate using SYBR Green II assays (Takara, Dalian, China) and a Roche LC480 real-time PCR detection system according to the manufacturer's protocol. The primer sequences (Takala Biotechnology, Dalian, China) are shown in Table 1 . Gapdh was used as an internal reference and has been previously used successfully. The relative quantification of the mRNA levels was performed using the comparative Ct method and the formula 2
ÀddCt .
Western blot analysis Nuclear protein (P0027; Beyotime) and total protein were extracted from the hippocampi using protein lysate, ristocetin-induced platelet agglutination buffer and phenylmethylsulfonyl fluoride (DingGuo Chang Sheng Biotechnology, Beijing, China), and protein concentration was determined with a bicinchoninic acid Protein Assay Kit (DingGuo Chang Sheng Biotechnology) according to the manufacturer's instructions. The quantified protein samples were mixed with 59 loading buffer, and 50 lg of protein was loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel to be separated by electrophoresis in the running buffer and transferred onto polyvinylidene difluoride membranes (Immobilon;
Millipore Corporation, Bedford, MA, USA). The polyvinylidene difluoride was blocked at 20°C for 2 h in Tween 20 PBS (PBST) containing 5% skim milk powder and subsequently incubated with specific primary antibodies at the optimal dilution based on the manufacturer's instructions overnight at 4°C. Rabbit anti-Nrf2 (Cell Signaling Technology, Beverly, MA, USA), rabbit anti-HO-1, rabbit anti-GSH-Px 1 , rabbit anti-Gr, rabbit anti-GSTpi and mouse anti-SOD 2 (Abcam, Massachusetts, USA), rabbit anti-NQO1 and rabbit anti-c-GCS (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and mouse anti-GAPDH (Protein-tech, Chicago, lllinois, USA) were used as primary antibodies. On the second day, the membranes were washed four times for 10 min each in PBST and incubated with anti-rabbit IgG and antimouse IgG conjugated to horseradish peroxidase (DingGuo Chang Sheng Biotechnology) at 20°C for 2 h. The membranes were washed four times for 10 min each in PBST again and eventually imaged with a CCD camera (Tanon 5200; Shanghai, China) and a gel imaging system to obtain the desired signal using enhanced chemiluminescence western blotting chemiluminescent detection reagents (P0018; Beyotime). The intensity of the bands was evaluated semi-quantitatively with densitometry using image analysis software (ImageJ2x, Wayne Rasband, National Institutes of Health, USA ). The relative level of protein expression was normalized to GAPDH. The integrated density value (IDV) was used as the parameter to represent the different protein expression levels in the rats' hippocampi.
Statistical analysis
Data are expressed as the mean AE standard deviation. SPSS software version 17.0 (SPSS Inc., IBM, New York, USA) was used to perform all statistical analysis. Differences in experimental data among groups were evaluated with one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test for multiple comparisons when F was significant. A value of p < 0.05 was defined as significant for all tests. 
Results
Effects of LaCl 3 on body weight, brain and hippocampus weight and brain and hippocampus coefficients The data shown in Table 2 illustrate the differences in body weight, whole brain weight and hippocampus weight between LaCl 3 -treated and control groups, especially the 0.5% LaCl 3 -treated group, which was significantly lower than that of the control group (F body weight = 2.900, p = 0.048 < 0.05; F brain weight = 5.527, p = 0.003 < 0.05). There were no significant differences among groups in terms of hippocampus weight or brain and hippocampus coefficients. (F hippocampus weight = 1.376, p = 0.266; F brain coefficient = 2.465, p = 0.058; F hippocampus coefficient = 2.021, p = 1.108).
Effects of LaCl 3 on the spatial learning and memory of rats The effects of LaCl 3 on the spatial learning and memory of rats are shown in Fig. 1 . In Fig. 1(a) , there were no differences in the latency among the four groups on the first and second day of training (Day 1, F = 1.104, p = 0.354; Day 2, F = 1.205, p = 0.314). On the third training day, the latency of the LaCl 3 -treated groups was longer than that of the control group (Day 3, F = 4.030, p < 0.05). On the fourth and fifth training days, the latency of the rats in the LaCl 3 -treated groups was longer than that of the controls, but there was no significant difference among them (Day 4, F = 0.294, p = 0.830; Day 5, F = 1.621, p = 0.188). Almost all the rats could learn to find the platform hidden under the water by the end of the experiment. As shown in Fig. 1(b) , during the first 2 days of training, there were no obvious differences between the control and the three LaCl 3 -treated groups in the total distance travelled (Day 1, F = 0.631, p = 0.596; Day 2, F = 0.987, p = 0.401). On the third training day, the distance travelled by the 0.5% LaCl 3 -treated group was longer than that of the control group (F = 3.046, p < 0.05), and rats in the 0.125% and 0.25% LaCl 3 -treated groups showed a shorter distance travelled compared to the control group. On the fourth and fifth training days, the total distance travelled by the rats in the LaCl 3 -treated groups was longer than that of the control, but there were no significant differences in the total distance travelled between the control and 0.125%, 0.25% and 0.5% LaCl 3 -treated groups (Day 4, F = 0.701, p = 0.553; Day 5, p = 0.115). In all, the data have shown that almost all the experimental rats displayed recognition that there was a platform in the pool and learned to find it. Five days later, the rats had to perform the place navigation test and the spatial exploration test under the same conditions. The effect of LaCl 3 on the spatial learning and memory of rats is shown in Fig. 1(e) and (f) . In the place navigation test, the rats were put into the Morris water maze, and the latency and distance travelled of the LaCl 3 -treated groups were significantly higher than those of the control group (F = 3.109, p < 0.05 and F = 3.587, p < 0.05 respectively). The rats' swimming routes were also tracked. In Fig. 1(c) , the paths that control rats took while finding the platform were very quick, direct and showed clear purpose, whereas the paths taken by rats treated with LaCl 3 were messy and purposeless; some rats in the 0.5% LaCl 3 -treated group could not find the platform during the test. As shown in Fig. 1(g ) and (h), in the spatial exploration test, the time spent in the target quadrant and the number of target quadrant crossings of the LaCl 3 -treated groups were significantly lower than those of the control group (F = 5.018, p < 0.05 and F = 6.511, p < 0.05). As shown in Fig. 1(d) , after removing the hidden platform, the rats in the four groups seemed to perform different strategies. Rats in the control group used a focused search strategy, frequently crossing the platform area in the target quadrant. However, the rats in the three LaCl 3 -treated groups performed purposelessly and seldom went into the target quadrant, much less the platform area, especially in the 0.5% LaCl 3 -treated group. These above results could indicate that LaCl 3 -treated rats have weaker learning and spatial memory abilities than control rats.
Effects of LaCl 3 on the morphology and ultrastructure of hippocampus nerve cells Neurons in the CA1 and CA3 areas of the hippocampus were distributed in a concentrated and orderly fashion, as shown in Fig. 2 . In the control group, neurons in the CA1 and CA3 areas were closely and orderly distributed; the cytoplasm and nucleus were deep and uniform after HE staining; and the tissue around the nerve cells appeared normal. In contrast, in the LaCl 3 -treated groups, the neurons were arranged loosely, and the intercellular gap became larger than that of control group; glial cell infiltration was Data are showed as the mean AE SD, n = 10 for each group. Compared with control group, *p < 0.05.
observed; for the 0.5% LaCl 3 -treated group in particular, the nerve cells appeared to show nuclear pycnosis, and the cytoplasm, nucleus and perinucleus appeared to have vacuolated structures. Damage was also found in the neuronal ultrastructure of La exposed rats. The normal neurons of the control group were rich in organelles, such as mitochondria, the Golgi apparatus and endoplasmic reticulum. These organelles have structural integrity. However, neurons of the hippocampus in LaCl 3 -treated groups appeared to show pycnosis of the cytoplasm and nucleolus, swollen mitochondria and lysosomes, and jagged edges of the nuclear envelope. In addition, the number of endosomes in the lysosome was obviously increased. Some organelles were vacuolated, and their sizes had decreased, for example in the Golgi apparatus, and the heterochromatin in the nucleolus appeared and scattered. The damage to nerve cells in rat hippocampi had a strong relationship with LaCl 3 exposure. Effects of LaCl 3 on ROS,MDA, GSH content and catalase, SOD, GSH-Px activity in rat hippocampus As Fig. 3 shows, compared with the control group, the ROS content in the three LaCl 3 -treated groups was 17%, 40.3% and 45.9%. With increasing LaCl 3 exposure, MDA content increased, as well, most obviously in the 0.5% LaCl 3 -treated group (F = 7.141, p < 0.05). On the other hand, GSH content in the LaCl 3 -treated groups decreased compared to the control group (F = 20.683, p < 0.05). Moreover, intracellular antioxidant enzyme activity, including catalase, SOD and GSH-Px of rat hippocampi in the three LaCl 3 -treated groups was obviously lower than that of the control group (F CAT = 4.346, p < 0.05; F SOD = 4.52, p < 0.05; F GSH-PX = 10.351, p < 0.05). The data above show that nerve cells had weaker antioxidant abilities after exposure to La.
Effect of LaCl 3 on the expression of Nrf2 in rat hippocampus
Nrf2 activation was measured by western blotting, and its mRNA expression level was detected by RT-PCR. The effect of La on Nrf2 expression in the hippocampus is shown in Fig. 4 . Nrf2 activation levels in rat hippocampus gradually decreased with increased exposure to La, and the hippocampalNrf2 mRNA levels (expressed as multiples of the control group) and the IDVs of Nrf2 expression (104.61%, 80.54% and 68.41% compared to the control group value) of the 0.25% and 0.5% LaCl 3 -treated groups were lower than those of the control group (F mRNA = 9.781, p < 0.05; F protein = 5.962, p < 0.05). The Nrf2 level, including mRNA and protein expression in the nucleus of the 0.125% LaCl 3 -treated group, all were slightly higher than those of the control group, which may be related to hormesis. The data show that the expression of Nrf2 in the hippocampus was negatively affected by LaCl 3 .
Effects of LaCl 3 on the expression of NQO1, HO-1, SOD 2 , GSH-PX 1, GST and c-GCS, GR in rat hippocampus Figure 5 shows the effects of LaCl 3 on the expression of NQO1, HO-1, SOD 2 , GSH-PX 1, GST and c-GCS, glutathione reductase (GR) in the hippocampus. The hippocampal Nqo1, Ho1, Sod 2 , Gsh-px 1 , Gst and c-Gcs-h, Gr mRNA Fig. 3 Effects of LaCl 3 on reactive oxygen species, MDA, glutathione (GSH) content and superoxide dismutase 2, Catalase, GSH-Px activity in rat hippocampus from (a-f) in turn respectively. Each column represented the mean AE SD, n = 6 for each group. Compared with control group, *p < 0.05; compared with 0.125% LaCl 3 -treated group, #p < 0.05; compared with 0.25% LaCl 3 -treated group, &p < 0.05. levels in the three LaCl 3 -treated groups (expressed as multiples of the control group) were lower than those of the control group (F Nqo1 = 26.236, p < 0.05; F Ho1 = 35.377, p < 0.05; F Sod2 = 6.689, p < 0.05; F Gsh-px1 = 7.855, p < 0.05; F Gst = 7.869, p < 0.05; F Gcsh = 12.442, p < 0.05; F Gr = 6.825, p < 0.05). The IDVs of NQO1 (88.1%, 68.55%, 45.78%), HO-1 (82.53%, 48.99%, 24.22%), SOD 2 (91.66%, 75.70%, 71.49%), GSH-PX 1 (76.75%, 30.65%, 25.62%), GST (53.90%, 47.12%, 31.24%) and c-GCS (71.9%, 63.3%, 23.2%), GR (69.63%, 54.94%, 43.63%) expression in the three LaCl 3 -treated groups had marked differences compared to the control group (F NQO1 = 5.359, p < 0.05; F HO-1 = 17.223, p < 0.05; F SOD2 = 3.751, p < 0.05; F GSH-PX1 = 5.424, p < 0.05; F GST = 17,552, p < 0.05; F c-GCS = 9.096, p < 0.05; F GR = 40.752, p < 0.05). These data suggested La could decrease the expression of NQO1, HO-1, SOD 2 , GSH-PX 1, GST and c-GCS, GR in rat hippocampus.
Discussion
As previous data have shown, REEs can enter into an organism's body via food cycle; they penetrate and accumulate in the brain through the BBB every day. Studies (Feng et al. 2006a; He et al. 2008) have found high La accumulation in rat cerebral cortex and hippocampus when orally exposed to 40 mg/kg/day LaCl 3 . Moreover, studies (Yang et al. 2013a; Zheng et al. 2013) have also shown that the content of La in the cerebral cortex and hippocampus of Wistar rats increased significantly depending on the dose by drinking water from pregnancy to weaning. In the present experiment, rats were treated with LaCl 3 by drinking water from the day of birth to 2 months after weaning, and La later accumulated in their brains. As the results show, the weight of the bodies, brains and hippocampus of the rats showed a decreasing trend with increasing doses of La; however, there was no obvious difference among the groups in the brain and hippocampus coefficients. It was inferred that La accumulation in the rat brain has a serious negative effect on nervous system development, and leads to reduced growth level of rats in different LaCl 3 -treated groups compared to the control group.
Experimental animals were treated with LaCl 3 from birth to 2 months after weaning, and then placed in a Morris water maze to test their learning and memory abilities. During the third and fourth training days, rats exposed to La had a weaker ability to learn compared with the rats that had no The expression levels of Nrf2 in different groups were normalized to GAPDH expression. Each column represented the mean AE SD, n = 3 for each group. Compared with control group, *p < 0.05; compared with 0.125% LaCl 3 -treated group, #p < 0.05; compared with 0.25% LaCl 3 -treated group, &p < 0.05. Fig. 5 Effects of LaCl 3 on the expression of NADP(H): dehydrogenase quinone 1 (NQO1), haeme oxygenase 1 (HO-1), superoxide dismutase 2 (SOD 2 ), glutathione (GSH-PX 1 ), glutathione-S-transferase (GST) and cglutamine cysteine synthase (c-GCS), glutathione reductase (GR) in rats hippocampus. In each group, (a) representative for Nqo1, Ho1, Sod 2 , Gsh-px 1 , Gst and c-Gcs-h, Gr mRNA expression assayed by real-time PCR, (b) representative for western blotting photograms for NQO1, HO-1, SOD 2 , GSH-PX 1 , GST and c-GCS, GR in the hippocampus of control and LaCl 3 -treated rats. (c) representative for expression levels of NQO1, HO-1, SOD 2 , GSH-PX 1, GST and c-GCS, GR in the hippocampus of control and LaCl 3 -treated rats. Integrated density value was used as the parameter representing the expression of. The expression levels in different groups were normalized to GAPDH expression. Each column represented the mean AE SD, n = 3 for each group. Compared with control group, *p < 0.05; compared with 0.125% LaCl 3 -treated group, #p < 0.05; compared with 0.25% LaCl 3 -treated group, &p < 0.05. (a)(b) (c)(d)(e)(f)(g) representative for seven separate group, a,b,c representative for each part of the group. manipulation. Five days later, rats were placed in the Morris water maze again for place navigation and space exploration tests. The test findings were very similar to those of previous studies (Zheng et al. 2013; Liu et al. 2014) , which also showed rats had learning and memory defects in the Morris water maze after exposure to La. Feng et al. (2006a) ; Che et al. (2009) experiments also demonstrated that La exposure in animals could obviously impair their learning and memory abilities. Studies have shown that La accumulation in the brain did not affect the growth of the body, but it did the development of CNS and proceed to damage learning and memory ability of rats.
The hippocampus is known to be very important in learning and memory. To explore why rats treated with La displayed worse performance in the Morris water maze, further experiments were carried out to observe nerve cells of the hippocampus. Morphological experimental findings demonstrated that La accumulation in the cerebral cortex and hippocampus caused neurons to decrease in the CA1 and CA3 areas in rats. Furthermore, Yang et al. (2013a) study showed La exposure could cause very clear decreases in neuronal Nissl bodies in the CA1, CA3 and DG areas of the hippocampus in rats. Several experiments have also found that there was some damage to the synapase in the hippocampus, which are important in synaptic plasticity and memory consolidation, and this damage could lead to decrease in the learning and memory abilities of LaCl 3 -treated rats in the Morris water maze (Zheng et al. 2013; Liu et al. 2014) . Furthermore, in the present experiment, transmission electron microscopy showed that La could cause significant injury to the ultrastructure of nerve cells in the hippocampus. The results demonstrate that the rats' poor performance in the Morris water maze (MWM) is consistent with damaged neurons.
Normal levels of ROS play an important role in maintaining the antioxidant ability of cells under physiological conditions, but excessive ROS can lead to an unbalanced redox state, after which oxidative stress and damage occur (van Muiswinkel and Kuiperij 2005) . The CNS has high oxygen consumption, which makes it particularly sensitive to oxidative stress. Furthermore, the CNS is vulnerable to lipid peroxidation because it is enriched in polyunsaturated fatty acids. In the current experiment, higher levels of ROS and MDA and lower GSH in La-treated rat hippocampus were revealed, whereas the activities of the antioxidant enzymes SOD, CAT, GSH-PX were reduced. An increase in MDA levels in the cells was a sign of lipid peroxidation damage. Many studies have suggested that high level MDA in the brain could lead to neuronal death and neurologic deficits after suffering from subarachnoid haemorrhage (Zhuang et al. 2012) . GSH could protect cells from oxidative stress induced by excessive production of ROS (Mancuso et al. 2006 ). Many studies have also shown that low levels of GSH could increase oxidative stress, lipid peroxidation and intracellular calciumin cells. Furthermore, decreasing GSH levels could cause neuronal loss in mesencephalic cell cultures or normal ageing in vivo under oxidative stress conditions (Chinta et al. 2007) . SOD is the first enzyme to protect cells from oxidative damage by scavenging free radicals, which can catalyse superoxide anions to hydrogen peroxide. SOD was thought to be a representative for the antioxidative ability of the tissues. SOD and CAT were reported to reverse age-related learning deficits and brain oxidative stress in mice (Liu et al. 2003) . A recent study has suggested that the levels of GSH and CAT in the hippocampus of rats increased and that the rats showed successful memory retrieval and decreased memory impairment (Maryam et al. 2015) . GSH-PX was very important for eliminating the peroxides through utilizing GSH reduction in lipid peroxides to water in cells. GSH-PX can more effectively decrease the toxicity of hydrogen peroxide in concert with CAT in cells (Dringen and Hamprecht 1997) . The current results indicated that nerve cells of rat hippocampus may be injured by reducing the antioxidant ability when exposed to LaCl 3 .
Nrf2 is a nuclear transcription factor that can regulate the levels of defence enzymes in the cell (Itoh et al. 1997) . Studies have clearly shown that Nrf2 plays a pivotal role in modulating the expression of phase a detoxification enzymes and endogenous antioxidants in knockout mice (Kwak et al. 2001; Chanas et al. 2002) . In these studies, researchers found that phase a detoxification genes such as GST, NQO1 and c-GCS were markedly reduced under basal and inducible conditions, and Nrf2 knockout mice showed higher sensitivity to toxicants. Therefore, Nrf2 was very important to resist toxicant damage to tissues and cells. This study showed that the level of Nrf2 in the hippocampus was decreased with increasing exposure to La compared with the control group; the hippocampal levels of HO-1, NQO1, SOD 2 , GSH-PX 1 , GSTpi, c-GCS and GR were also remarkably lower than those of the control group. Up-regulated expression of HO-1 and NQO1 could reduce the toxicant effect of neurons caused by oxygen free radicals or endogenous toxin in the CNS (Ahmad et al. 2006; Lim et al. 2008; Chen et al. 2011; Col ın-Gonz alez et al. 2013) . SOD 2 is predominantly localized in neurons (Johnson and Giulivi 2005) and is thought to provide the first line of defence against oxidative stress. GSH-PX 1 , also known as GSH-PX, was found in both neurons and glial cells (Trepanier et al. 1996; Power and Blumbergs 2009) . High expression levels of GSH-PX 1 could decrease the amount of neuron loss and alleviate hydrogen peroxide accumulation and lipid peroxidation (Wang et al. 2003) . Experimental subarachnoid haemorrhage rats showed that alleviation of early brain injury and secondary cognitive deficits were highly related to GSH-PX 1 and GST-a1 via activation of Kelch-like ECH-associated protein 1/Nrf2/ARE system by dimethylfumarate (Liu et al. 2015) . GSTpi, one isoform of GST, was shown to be expressed in neurons by cellular localization experiments (Smeyne et al. 2007) . Furthermore, the interaction of GSTpi with GSH can more efficiently decrease free radicals and restore cellular homeostasis (Coles et al.1988) . In addition, one study suggested that enhancing the Nrf2/c-GCS signalling pathway in the hippocampus in mice could ameliorate age-induced cognitive dysfunction (Li et al. 2012) . The Hippocampal Nrf2 level and its downstream signalling molecules seem to be highly correlated with learning and memory deficits in rats in the MWM. These findings appear to be consistent with a previous study that found that changes in hippocampal Nrf2 levels were closely involved with the spatial learning deficits observed in 9-month-old male amyloid precursor protein/presenilin1 transgenic mice (Katja et al. 2009) . Research has already shown that there is a very strong neuroprotective effect in Parkinson's disease, cerebral haemorrhage, cerebral infarction and cerebral trauma when activating the Nrf2/ARE pathway and then up-regulating Nrf2 expression (Ahmad et al. 2006; Lim et al. 2008; Chen et al. 2011) . Certainly, decreasing the Nrf2 level would eliminate its cytoprotective effects. Therefore, learning and memory, cognition and brain injury in the CNS was more likely associated with Nrf2/ARE signalling pathway.
Based on the highly detailed review by Zarros et al. (2013) , the authors summarize that La-induced cognitive impairment is likely to involve the cAMP-regulated signalling pathway. Nevertheless, a new insight into the Nrf2/ ARE signalling pathway may provide a significant contribution towards unravelling the riddle of La-induced neurotoxicity. In conclusion, La 3+ consumed through drinking water passed through the BBB and entered in the hippocampus cells via the Ca 2+ gateway, thus accumulating intracellularly and dislocating Ca 2+ from its binding sites (Das et al. 1988) . Furthermore, Ca 2+ -ATPase activity was impaired by La 3+ , resulting in an increase in intracellular Ca 2+ in the hippocampus of rats exposed to LaCl 3 . (Feng et al. 2006a; He et al. 2008; Yang et al. 2013a) The intracellular Ca 2+ and accumulation of La 3+ produced mitochondrial dysfunction and oxidative stress accompanied by the overproduction of ROS (He et al. 2008; Liapi et al. 2009; Wu et al. 2013) . The excessive ROS decreased the level of GSH and the activity of SOD, CAT and GSH-PX, led to an increase in MDA in rat hippocampus, and disturbed the Nrf2/ARE pathway and downstream genes, causing neuronal damage and ultimately leading to learning and memory deficits. The exact mechanism by which this occurs should be explored in the future.
